Inositol polyphosphate 1-phosphatase, an enzyme of the phosphatidylinositol signaling pathway, catalyzes the hydrolysis of the 1-position phosphate from inositol 1,3,4-trisphosphate and inositol 1,4-bisphosphate. The protein was isolated from calf brain and digested with trypsin or CNBr, and the amino acid sequence of several peptides was determined. Degenerate oligonucleotide primers were designed from amino acid sequence and used to synthesize an 80-base-pair (bp) fragment by the polymerase chain reaction. This product was used to isolate a 1.6-kbp cDNA with an open reading frame of 400 amino acids, 185 bp of 5' untranslated region, and 171 bp of 3' untranslated region followed by a putative poly(A) tail. The coding region of the cDNA was inserted into an expression vector that was used to obtain the recombinant protein from Escherichia coli cells. The recombinant enzyme (44 kDa) had a specific activity and other properties similar to those of native bovine brain inositol polyphosphate 1-phosphatase. It hydrolyzed both inositol phosphate substrates and was inhibited by lithium ions. The enzyme shows minimal sequence similarity to inositol monophosphate phosphatase, the other enzyme inhibited by lithium ions in the signaling pathway.
Inositol polyphosphate 1-phosphatase hydrolyzes the 1-phosphate from two substrates of the phosphatidylinositol signaling pathway, inositol 1,3,4-trisphosphate [Ins (1, 3, 4 )P3] and inositol 1,4-bisphosphate [Ins(1,4)P2] (1) (2) (3) (4) . Other 1-phosphate-containing inositol polyphosphates are not substrates (1) . The enzyme is likely to be involved in regulating intracellular levels of Ins(1,3,4)P3, Ins(1,4)P2, and their metabolites. It catalyzes one of three possible reactions involving Ins (1, 3, 4) P3, converting it to inositol 3,4-bisphosphate [Ins(3,4)P2]. Alternatively, Ins(1,3,4)P3 can be converted to inositol 1,3-bisphosphate or inositol 1,3,4,6-tetrakisphosphate by 4-phosphatase (5, 6 ) and 6-kinase (7-10) enzymes, respectively. Inositol polyphosphate 1-phosphatase is uncompetitively inhibited by lithium ions [K-0.5 mM Ins(1,3,4)P3], a drug used to treat patients with psychiatric disorders (3, 4, 11, 12) . The other substrate for this enzyme, Ins(1,4)P2, is hydrolyzed to yield inositol 4-phosphate [Ins(4)P]. A messenger role has also been proposed for Ins (1, 4) P2 in that the low activity form of DNA polymerase a is stimulated by Ins(1,4)P2 (13) . One way to discover functions for substrates and products of inositol polyphosphate 1-phosphatase is to change cellular levels of these substances. We hope to accomplish this by altering cellular levels of active enzyme. As a first step in this strategy, we have isolated a cDNA clone that encodes this enzyme and have expressed active recombinant enzyme in Escherichia coli. The recombinant enzyme is functionally similar to the native bovine enzyme.*
EXPERIMENTAL PROCEDURES
Materials. Bovine calf brains were from Pel-Freeze.
[3H]Ins(1,4)P2 (4.5 Ci/mmol; 1 Ci = 37 GBq) and [3H]Ins- (1, 3, 4) P3 (17 Ci/mmol) were from DuPont/New England Nuclear. Unlabeled Ins(1,4)P2, DEAE-Sepharose CL-6B, CNBr, and phenylmethylsulfonyl fluoride were from Sigma. Unlabeled Ins(1,3,4)P3 was from Calbiochem. AG 1-X8 ionexchange resin (formate form, 200-400 mesh), Bio-Gel HTP hydroxyapatite, a Bio-Gel phenyl-5PW high performance liquid chromatography (HPLC) column, and protein molecular weight standards were from Bio-Rad. Aquapore BU-300 and RP-300 microbore HPLC columns were from Applied Biosystems. L-1-Tosylamido-2-phenylethyl chloromethyl ketonetreated trypsin was from Cooper. Nitrocellulose and an Elutrap electroelution device were from Schleicher & Schuell.
[ Determination of Inositol Polyphosphate 1-Phosphatase Activity. Enzymatic hydrolysis of Ins(1,4)P2 was assayed by one of two methods described previously (2) . In assay 1,
[3H]Ins(1,4)P2 and inositol polyphosphate 1-phosphatase were incubated in 50 mM Hepes, pH 7.5/3 mM MgCl2/100 mM KCl/0.5 mM EGTA with an excess of inositol monophosphate phosphatase (14) . The reaction mixture was loaded onto a 0. Trypsin digestion. Inositol polyphosphate 1-phosphatase (10 ,ug) was carboxamidomethylated and digested with 400 ng of trypsin as described (16) . The digest was injected onto an Aquapore RP-300 microbore HPLC column (220 x 2.1 mm) equilibrated in 0.1% TFA and tryptic peptides were eluted and sequenced as described above.
cDNA Cloning. Completely degenerate sense and antisense oligonucleotides (1024-fold and 512-fold degenerate, respectively) corresponding to the amino-terminal and carboxylterminal sequences of a CNBr peptide ( Fig. 1 ) were synthesized as primers for PCR. Total RNA was prepared from fresh bovine (calf) cerebellum by a low-temperature guanidinium isothiocyanate method (17) . First-strand cDNA was made by incubating 50 jig of total RNA with 2 pmol of antisense oligonucleotide and 400 units of Moloney murine leukemia virus reverse transcriptase in 50 Il, using the manufacturer's recommended buffer conditions, for 1 hr at 37°C. Following synthesis, the sample was treated with 160 mM NaOH for 10 min at 70°C, neutralized, and desalted on a small gel filtration column. The PCR was performed as described (18) for 30 cycles using 350 ng of sense and antisense oligonucleotides and 2% of the antisense-primed cDNA. In each cycle, denaturation was at 94°C for 1 min, annealing at 45°C for 1.5 min, and elongation at 72°C for 1 min. The PCR product was cloned into the Sma I site of 67 68 69 70 71 72 73 74 75 76 77 1.
pBluescript SK(-) and sequenced by the dideoxy chaintermination method (19) . All DNA sequencing described here and throughout the manuscript was done using Sequenase version 2.0 (20).
The PCR product described above was end-labeled with T4
polynucleotide kinase and [y-32P]ATP and used to screen a AZAP II MDBK cDNA library (106 recombinants) in E. coli XL-1 Blue. Duplicate filters were prepared and screened at 50°C in aqueous solution as described (21) . Positive clones were replated at 100 plaques per plate, and 40 of these were used as templates for PCR using the primers in Fig. 1 . Plasmids were excised from phage found to contain cDNA inserts by using the procedure described by Stratagene. The cDNA clones were sequenced entirely on both strands. Overlapping sequences were assembled using the Genetics Computer Group sequence-analysis software package (22) . operator was also constructed by inserting this promoter fragment into pBluescript SK(-). All of these plasmids were sequenced to verify the structure of the engineered regions. All cloning procedures used above were as described (21) . Analysis of Recombinant Bovine Inositol Polyphosphate 1-Phosphatase. Single colonies of E. coli XL-1 Blue transformed with either pTrplptase, plptase, or pTrp were used to inoculate 50 ml of LB medium (21) containing ampicillin (50,ug/ml) and were grown at 37°C to an OD6w of 1.0. Cells were harvested and sonicated on ice in 1.0 ml of 20 mM Hepes, pH 7.5/3 mM MgC12/2 mM EGTA, pH 7.5/0.25 mM phenylmethylsulfonyl fluoride. Soluble and particulate fractions were separated by centrifugation at 10,000 x g for 10 78 79 80 81 82 83 84 85 86 87 88 89 90 91 Biochemistry (Fig. 1, line 1 ). Sense and antisense oligonucleotides (Fig. 1 , were analyzed by SDS/PAGE (15) . Western blot analysis of line 2) were used as primers to amplify an 80-bp PCR product SDS/PAGE-separated fractions used a rabbit polyclonal from a single-stranded cDNA template as described in Exantibody (3) directed against bovine brain inositol polyphosperimental Procedures. The product was cloned and sephate 1-phosphatase and an alkaline phosphatase detection quenced and found to encode the amino acids contained in system from Promega.
the CNBr peptide between the primers (Fig. 1, line 3) . The correct sequence of inositol polyphosphate 1-phosphatase RESULTS cDNA in this region shows that the cloned PCR product Sequence of Inositol Polyphosphate 1-Phosphatase. Since contained 11 errors in the primer regions (Fig. 1, line 4) . The attempts to obtain amino acid sequence from intact inositol PCR product was labeled and used to screen a AZAP II polyphosphate 1-phosphatase failed, we digested the enzyme MDBK library (106 recombinants). Three identical clones
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968 CCATCCTCAGGGCCATGGGTGGGGGCATGGTGGACTTAAAAGAATGCCTGGAAAGAAATCCTGACACGGGCC were isolated. The cDNA insert of one of these was sequenced entirely on both strands (Fig. 2) . The cDNA was 1572 bp with an open reading frame of 400 amino acids corresponding to a protein of 43,980 Da. The 3' untranslated region contained the conserved polyadenylylation signal sequence AAUAAA, 16 nucleotides upstream of the putative poly(A) tail. We confirmed 126 residues of amino acid sequence by sequencing CNBr and tryptic peptides of bovine brain inositol polyphosphate 1-phosphatase. The only difference between the cDNA clone and the amino acid sequence was at residue 84, where phenylalanine was obtained by peptide sequencing and leucine was the amino acid predicted from the cDNA. We found no similarity between inositol polyphosphate 1-phosphatase and other proteins contained in the GenBank and EMBL data bases (as of September 1990).
We compared the cDNA with three other proteins of the phosphatidylinositol signaling pathway-bovine inositol trisphosphate 3-kinase (23), human inositol 1:2-(cyclic)-phosphate 2-phosphohydrolase (24), and bovine inositol monophosphate phosphatase (25)-by using the program ALIGN (26) . There was no significant similarity to either the 3-kinase or the cyclic hydrolase enzyme. Limited sequence similarity to inositol monophosphate phosphatase was observed (score = 3.8 SD). In one region of the molecule, 9 of 20 amino acids were identical (Fig. 3) . (Fig. 4B) . We attempted to sequence these intact proteins to further establish their identity. The recombinant proteins were separated by SDS/PAGE followed by electrophoretic transfer to poly-(vinylidene difluoride) (Immobilon, Millipore) membranes (16) . The 44-kDa protein had a blocked amino terminus and the 31-kDa protein yielded amino acid sequence corresponding to Met94-Gly13 (Fig. 2) .
Extracts from the transformed E. coli were also assayed for the ability to hydrolyze Ins(1,4)P2. Only extracts from pTrplptase transformants contained activity. The soluble fraction hydrolyzed 0.02 ,umol of Ins(1,4)P2 per min per mg of protein (Fig. 5 ). There was also slight enzyme activity in the resuspended particulate fraction [0.001 ,umol of Ins(1,4)P2 hydrolyzed per min per mg of protein]. The relative lack of activity in the particulate fraction suggests that this insoluble form is denatured. Attempts to increase the activity of the particulate fraction by a variety of methods were unsuccessful (27) . The recombinant inositol polyphos- We determined that only the 44-kDa protein was active by separating it from the 31-kDa protein through anion-exchange 
